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Abstract: Glucose oxidase was covalently immobilized to a porous electrode, which was developed by using ferrocene
functionalized polyethyleneimine, multiwall carbon nanotubes, and carbon cloth for biofuel cell applications in our recent
studies. The kinetics parameters (i.e. k M , V max ) and other parameters required for the modeling study were determined
experimentally. Fuel cell flow channel geometry was analyzed by a computational fluid dynamics modeling approach.
Substrate flow rate and mass transfer for each proposed channel type were considered in the simulations. The results
showed that serpentine type flow channels are advantageous over pin type or parallel flow channels to acquire sufficient
performance from the immobilized enzyme electrode at lower substrate flow rates. On the other hand, a disadvantage
of using serpentine type channels was observed as higher pressure drops. However, such pressure drops were accepted as
reasonable for the considered flow rates for suitable biofuel cell performance.
Key words: Glucose oxidase, enzyme immobilization, bioanode, enzymatic fuel cell, flow channels, graphite plates,
computational fluid dynamics, modeling, current collector

1. Introduction
Enzyme catalyzed oxidation/reduction reactions with electron transfer through a circuit could be utilized for
electrochemical energy production and biosensor applications. The concept has been applied successfully in
biosensor applications so that many enzymatic biosensors have become commercially available. Research on
biofuel cells is also continuing with an increasing rate in scientific areas. The working principle of biofuel cells
is similar to that of conventional fuel cells; however, immobilized enzymes are utilized as catalysts in the place
of precious metal (Pt, etc.) catalysts. Biofuels (generally sugars) are oxidized at the anode and electrons along
with protons are released. These electrons, carried through an external circuit to the cathode, are utilized with
the oxidant (typically oxygen) and protons to produce a product (water) [1–5]. Glucose oxidase, among other
oxidoreductases, is very popular in biofuel cell studies since both the enzyme and the substrate (i.e. glucose)
are easily accessible in nature [6–10]. Attention to enzymatic fuel cells has been inspired mostly by medical
applications requiring low power [9–11]. Also, some studies showed that several mW/cm 2 power densities were
reachable with multistack fuel cells for powering some portable electronic equipment [12].
A deeper understanding of enzymatic redox reactions with advanced techniques in electrochemistry allows
improvement of assembling biofuel cells. Mathematical modeling generally helps in this process. Many works
have been conducted for the modeling of hydrogen or methanol fuel cells, but only a small number of modeling
studies have been performed on enzymatic biofuel cells [9–11]. Models supported by experimental data have been
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not only very useful for examining the microenvironment and designing new electrodes, but also for improving
other important parts of the enzymatic biofuel cells. On the other hand, these models have been highly
simplified, neglecting some important features such as the dynamics, nonuniformities, or ion migration [2,9–11].
A larger electrode surface area with high enzyme loadings is generally required for enhanced electrochemical
performance, but modeling studies with finite element analysis showed that it was important to optimize
the electrode geometry and configuration to obtain uniform current density distribution by enhanced mass
transport and improved reaction kinetics for optimized enzymatic fuel cell performance [13,14]. For example,
optimized fuel cell performance was obtained when the well width was half of the height of the 3D electrode
and a semielliptical electrode was favored [15]. In another biofuel cell modeling study, a mathematical model
considering diffusion and reaction processes confirmed the effect of the large surface area of the electrode with a
thin, grafted redox polymer layer. It was found that the rate-limiting step of electron diffusion could be defeated
by an electrode with a thin redox polymer [16]. Chan et al. developed a dynamic model simulating the discharge
performance of an anode with supported glucose oxidase and mediator immobilization in the enzymatic biofuel
cell [17]. Saranya et al. established a mathematical model of an enzymatic biofuel cell without a membrane
through direct electron transfer. The significant point of this study was the description of a new homotopy
perturbation method for solving nonlinear differential equations [18]. Rubin also prepared a model for direct
electron transfer biofuel cells to estimate current, voltage, and power performance [19].
In this study, a computational fluid dynamics (CFD) modeling strategy was utilized to suggest the
optimized flow channel type for a biofuel cell with a bioanode involving glucose oxidase. Glucose oxidase
was immobilized covalently by aldehyde groups of the electrode, which was developed by using ferrocene
carboxaldehyde, polyethyleneimine, multiwall carbon nanotubes, and carbon cloth as described in our recent
studies [7,8]. Ideally, the substrate (glucose) should reach the entire surface area of the electrode, from top
to bottom, to react with the enzyme embedded on it. Flow channel geometry for substrate transport is very
important and should be carefully designed to provide sufficient properties for glucose transport to the electrode
surface. Accordingly, graphite current collector plates with alternative flow channel structures were evaluated
and analyzed by CFD with embedded chemical reactions. This study is one of the few computational studies
on the effects of flow channel type analysis for enzymatic biofuel cells, and the results are intended to provide
important information for the design and fabrication of similar types of enzymatic biofuel cells.
2. Materials and methods
2.1. Materials
D-Glucose (G8270-Sigma), glucose oxidase (G2133 Sigma, type VII from Aspergillus niger), polyethylenimine
(482595 Aldrich), multiwalled carbon nanotube (MWCNT) (724769 Aldrich), and glutaraldehyde (G6257 SigmaAldrich) were bought from Sigma-Aldrich. Carbon cloth was obtained from ElectroChem Inc. (Woburn, MA,
USA). Ferrocene carboxaldehyde (98%) was supplied by Acros Organics (Belgium). Other chemicals were of
analytical grade. Distilled-deionized (DI) water was utilized in all experiments.
2.2. Preparation of enzymatic anode and glucose oxidase crosslinking
The glucose oxidase immobilized electrode was produced by our recently developed procedure [7,8]. Typically,
0.4 g of ferrocene carboxaldehyde dissolved in 5 mL of methanol was added gradually into 45 mL of 10%
(w/w) BPEI (dissolved in methanol) solution to react with amine groups at 25 ◦ C. The resulting medium was
1487
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agitated for 24 h at 100 rpm to complete the reaction. A reduction reaction was further completed with sodium
borohydride (as a reducing agent to react the iminium species that form between the amines and ferrocene
carboxaldehyde) [7,8,20]. Cleaned and soaked (with methanol) MWCNTs were equally layered on carbon cloth
(5 cm 2 ) physically with suitable blades. The Fc-BPEI/MetOH solution obtained above was added (i.e. 0.5
mL including 40 mg mL −1 BPEI-Fc) to MWCNTs layered (10 mg dry basis) on carbon cloth surface for the
adsorption of Fc-BPEI by MWCNTs, and 25% glutaraldehyde solution was employed (30 min at 25

◦

C) to

tightly crosslink and to activate adsorbed Fc-BPEI. This technique not only allowed MWCNTs to embed on
the carbon cloth but also provided active free aldehyde moieties for glucose oxidase immobilization [7,8,21].
The produced electrode was cleaned thoroughly with water to remove unreacted glutaraldehyde and all other
chemicals from earlier processes. Then the electrodes were put into the glucose oxidase solutions (i.e. 2 mL, 20
mg enzyme/mL, buffer solution at pH 5–7) for the immobilization process. Glucose oxidase was immobilized by
the Schiff base reaction between amine groups of the enzyme and the active aldehyde groups on the electrode
surface. The immobilization process was conducted for 24 h at 4

◦

C. The immobilized enzyme (i.e. protein)

amount was determined by the Biuret method [22]. The produced enzyme anode was washed extensively with
suitable buffers to remove unbound glucose oxidase. The enzyme electrode was kept at 4
solution before use.

◦

C in the buffer

2.3. Determination of glucose oxidase activity and kinetic parameters
Glucose oxidase enzymatic activity and kinetic parameters were determined by conventional (chemical) and
electrochemical methods. In the conventional method, enzymatic activity (i.e. U, micromole glucose hydrolyzed/min/mg protein) of immobilized glucose oxidase on the electrode was determined by measuring glucose
concentration decrease by time in batch reactors. A definite amount of enzyme immobilized electrode (i.e. 1
cm 2 , 2.5 mg of total protein content) was put into the batch reactor with suitable glucose solution (200 mM,
25 mL) at suitable pH, temperature (i.e. 35 ◦ C, pH 5), and stirring rate (i.e. 200 rpm). In the electrochemical
method, electrochemical data were taken by using batch reactors (half-cell for anode) with proper temperature
and pH (i.e. 35

◦

C, pH 5) by using a potentiostat/galvanostat system (Gamry Instruments, Inc., Reference

600R). A three-electrode configuration was utilized with the enzyme electrodes (typically 1.0 cm 2 ) . A platinum
wire was used as the counter electrode and saturated Ag/AgCl was used as the reference electrode. Open
circuit potential, chronoamperometry, linear sweep voltammetry, and short-circuit current measurements were
performed to determine kinetic parameters and other properties of the immobilized enzyme electrode for the
modeling study [19,20].
3. Results and discussion
3.1. Model development
Power generation with enzymatic biofuel cells is proportional to the electrode surface area that provides space
for the substrate (i.e. fuel) to react with the immobilized enzyme on the electrode. Interaction of the substrate
with the electrode depends on the enzyme reaction rate and its amount immobilized onto the electrodes [2].
An electrode structure with a high amount of immobilized enzyme has an advantage for obtaining high power
density. Ideally the substrate should react with the whole surface area of the electrode to fully utilize the
immobilized enzyme. On the other hand, flow channel geometries for substrate transport are also very important
and should be carefully designed to provide sufficient glucose transport to the electrode surface. Improper
1488
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selection of flow channel geometry together with a high reaction rate and loadings of enzymes permit inefficient
performance because of the deficiency of fuel (i.e. glucose) on the electrode surface. Therefore, the CFD modeling
strategy was utilized to provide and suggest an optimized configuration with respect to glucose concentration in
this study. The model considers enzyme reactions and diffusion of the substrate in three-dimensional substrate
channel geometry. Two approaches according to the reaction mechanisms (depending on electron and proton
transfer routes) for the substrate utilization of the immobilized glucose oxidase were taken into account.
In the first case, enzyme reactions proceed via electron transfer through the outer electrical circuit
according to Eqs. (1)–(4) instead of the conventional enzymatic reactions given in Eq. (5) and Eq. (6) [7,8,23].
Eqs. (1)–(4) describe a mediated enzymatic reaction mechanism in which the immobilized mediator (ferrocene
on PEI) transfers the electron from the active site of the enzyme (FAD: flavin adenine dinucleotide) to the
electrode and circuit [23].
GOx(F AD) + glucose → GOx(F ADH2 ) + gluconolactone

(1)

GOx(F ADH2 ) + 2F c+ P EI → GOx(F AD) + 2F c − P EI + 2H +

(2)

2F c − P EI + 2F c+ P EI → 2F c+ − P EI + 2F c − P EI

(3)

2F c − P EI → 2F c+ − P EI + 2e−

(4)

In the second case, the enzyme reaction precedes by conventional enzymatic reactions (i.e. Eq. (5) and
(6)), where enzymes do not need electron transfer through the electrical circuit. Reactions are completed by the
conversion of dissolved oxygen to hydrogen peroxide and electron/proton transfer occurs between the substrate
solution and the enzyme active center (FAD).
GOx(F AD) + glucose → GOx(F ADH2 ) + gluconolactone

(5)

GOx(F ADH2 ) + O2 → GOx(F AD) + H2 O2

(6)

When there is dissolved oxygen in the substrate solution, these reaction routes both likely occur at the
fuel cell application, but the desired first route should be dominant to obtain high current and power densities
from the cell. A higher polarization between the electrodes and more effective electron transfer to the electrode
than electron transfer to the solution will force the electrochemical route.
Three main flow channel structures (mixing type serpentine, parallel, and pin type) were studied (Figures
1a–1d). A numerical model that solves the Navier–Stokes equations with species transport equations was
developed. The consumption rate of glucose was implemented by using the user-defined function capability of
the commercial software package ANSYS FLUENT. The Navier–Stokes equation for the conservation of mass
and momentum for steady, laminar, incompressible flow is given in Eq. (7) [24].
∂ρ
+ ∇ • (ρ⃗v ) = Sm
∂t

(7)

Here, ρ is density, ⃗v is the velocity vector, and Sm is the mass transfer source term.
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Figure 1. Geometric description (2D and 3D views) of modeled flow channels (active electrode area: 5 cm 2 , channel
depth: 1 mm) and SEM image (50,000 ×) of the enzyme electrode structure.

A continuity equation along with momentum conservation was used for numerical analysis. The momentum equation is given in Eq. (8).
( )
∂
(ρ⃗v ) + ∇ • (ρ⃗v⃗v ) = −∇P + ∇ • τ + ρg + F⃗
∂t

(8)

Here, P is pressure, τ is the stress tensor, g is a gravity constant, and F⃗ is force sources (momentum sources).
To solve Eq. (8) in the electrode, the Darcy equation was used (Eq. (9)).
∇P = −
1490
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Here, µ represents solution viscosity and K represents the permeability of the electrode. Glucose transport was
solved by the species transport equation (Eq. (10)).
∂
(ρYGL ) + ∇ • (ρ⃗v YGL ) = −∇ • J⃗GL + RGL
∂t

(10)

Here, YGL , J⃗GL , and RGL correspond to glucose mass fraction, mass transfer flux, and consumption rate
(kg/m 3 /s), respectively.
The SIMPLE algorithm based on the finite volume method was used to solve the continuity, the momentum, and the species transport equations. A second-order upwind scheme was used for discretization of
convective terms and a second-order accurate scheme was used for diffusive terms. For each channel type, an
unstructured mesh was generated with different sizes and a mesh independence study was performed [25].
The glucose diffusion coefficient was used as 0.2 × 10 −9 m 2 /s and for the electrode (Figure 1e) it was
modified by porosity, as given in Eq. (11).
ef f
DGL
= ϵ1.5 DGL

(11)

Geometric properties of the flow channels for CFD study are presented in Figure 1 and experimental data
for enzyme kinetics (for both approaches) and other parameters are given in the Table. Once the enzyme
mass balance is considered and quasi-state conditions are assumed for the reduced form of the enzyme and the
enzyme–substrate complex, the rate of enzyme reaction is calculated by the Michaelis–Menten model given in
Eq. (12).
VEnzyme =

Vmax S
kM +S

(12)

Here, V M is the apparent maximum reaction rate, k M represents the apparent Michaelis constant (sensitivity
or affinity of the enzyme to the substrate), and S is the substrate (glucose) concentration. Moreover, glucose
consumption and current densities depending on substrate concentration via the Michaelis–Menten model can
be written as given in Eqs. (13) and (14) [24].
R=

Rmax S
kM +S

(13)

I=

Imax S
kM +S

(14)

If the substrate concentration is sufficiently high when compared to k M (S >> k M ), the Michaelis–Menten
kinetic effects could be neglected and the reaction rate approaches zeroth order. This situation is favorable but
not always the case in enzymatic processes. Especially if effective substrate transfer is not achieved, substrate
concentrations will approach zero [24].
A biofuel cell must also contain a suitable cathode, where the protons and electrons released at the anode
are processed in order to run a closed electrical circuit. This requirement is generally fulfilled by O 2 -reduction
at the cathode in conventional fuel cells. O 2 -reduction can easily be accomplished by cathodes bearing a
conventional Pt-C catalyst. Such a conventional Pt-C cathode reaction rate is much faster than the enzymatic
reaction rate and the cathode side of the biofuel cell is not a limiting part [9].
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Table 1. Simulation parameters.

Enzyme electrode thickness
Electrode porosity
Active electrode area
Kinetic parameters
For chemical case [7]
For electrochemical case [8]
Glucose feed concentration
Glucose diffusivity
Temperature
pH
Enzyme loading

0.4 mm
0.4
5 cm2
Vmax : 29.48 U (micromole glucose converted/min/mg protein)
kM : 61.74 mM
Imax : 2.77 A/cm2
kM : 24.61 mM
200 mM
0.2 × 10−5 cm2 /s
35 ◦ C
5
2.4 mg/cm2

3.2. Simulation results for enzyme kinetics controlled by electrochemical processes
In the first case (i.e. electrochemical case), the model was simulated by using the electrochemical parameters of
k M and V M as described in the Table. Substrate feed solution glucose concentration was chosen as 200
mM since it was a realistic situation according to the enzyme kinetic parameters (Table) and laboratory
experimental results. The effect of substrate solution flow rate and the relationship between the flow rate and
glucose concentration were evaluated. Glucose concentration contours (Figures 2a–2d) in the anode midplane
for different flow rates (1, 5, 10, 20 mL/min) were obtained by CFD simulations for the serpentine flow channels
at first. It was observed from Figure 2a that when the substrate solution flow rate was 1 mL/min, the glucose
concentration would be very low (less than the k M value of the immobilized enzyme) in the lower parts of the
support zones, especially between the flow channels. At this flow rate, some parts of the electrode reach sufficient
glucose concentrations, but for other parts the glucose transport rate to the electrode surface is less than required
to reach the immobilized enzyme’s maximum reaction rate (Figure 2a) according to Michaelis–Menten kinetics
(Eq. (13)).
When the flow rate was increased to 5 mL/min, the glucose concentration at the midplane of the electrode
was close to the feed concentration in the majority of the electrode. After the flow rate was increased further
to 10 mL/min, almost all of the electrode could remain at the equivalent glucose concentration, which was
also appropriate to reach the maximum enzymatic reaction rate. Flow rates higher than 10 mL/min were
thus determined as favorable since there was no substrate limitation (Figures 2c and 2d) and the reaction rate
could be accepted as zeroth order according to the Michaelis–Menten kinetics (i.e. substrate concentration was
sufficiently higher than k M of the immobilized enzyme).
Similar analyses were repeated for the anode current collector plate having parallel flow channels and
glucose concentration contours in the anode midplane for different flow rates were obtained (Figures 3a–3d).
While the substrate solution flow rate was 1 mL/min, the glucose concentration was very low throughout the
electrode (Figure 3a). When the flow rate was increased to 5 mL/min, the glucose concentration at the midplane
of the electrode was still low to obtain a suitable enzymatic performance since the glucose concentration was
close to the k M of the enzyme. After the flow rate was increased to 10 mL/min, the glucose concentration
reached a suitable range, but it was still not enough for favorable or optimum performance. Only after the flow
1492
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Figure 2. Simulation results for glucose concentration in the midplane of the electrode with serpentine type flow
channels for electrochemical reaction mechanism case (substrate feed rate: 1–20 mL/min).

rate was increased to 20 mL/min did the glucose concentration reach a suitable range.
Finally, the pin type flow channel structure was examined similarly. Figures 4a–4d show the distribution
of glucose concentration in the electrode midplane for the pin type flow channels. When the k M of the
immobilized enzyme was considered, glucose concentration deficiency for suitable enzymatic performance was
observed between 1 and 10 mL/min flow rates in the regions except the input and output ports (lower left and
1493
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Figure 3. Simulation results for glucose concentration in the midplane of the electrode with parallel flow channels for
electrochemical reaction mechanism case (substrate feed rate: 1–20 mL/min).

upper right sections according to the views in Figure 4). Only after the flow rate was increased to 20 mL/min
did the glucose concentration reach an almost suitable range. As the resistance to flow in the pin type flow
channels was low, the glucose solution passed through the diagonal region between the input and output ports,
where the shortest distance and the least flow resistance were encountered.
Average glucose concentrations for each flow rate for each channel type were compared, as given in Figure
5. It was determined that 10 mL/min flow rate was suitable for the desired performance when the k M of the
immobilized enzyme was considered with serpentine type flow channels. For parallel and pin type channels,
1494
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Figure 4. Simulation results for glucose concentration in the midplane of the electrode with pin type flow channels for
electrochemical reaction mechanism case (substrate feed rate: 1–20 mL/min).

even 20 mL/min was relatively sufficient.
The main reason for such differences in the glucose profiles of the electrode for different flow channels was
related to the glucose consumption rate that was controlled by the glucose transport to the electrode. Linear
velocity of the substrate solution was higher for the serpentine type flow so the glucose transfer from the bulk
solution to the electrode surface was high because of the thin mass transfer film layer. Pressure losses in the
channels were also evaluated, as given in Figure 6 for each channel type and flow rate. Increase in the pressure
1495
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Figure 5. Simulation results for average glucose concentration in the midplane of the electrode for electrochemical
reaction mechanism case.

Figure 6. CFD simulation results for pressure drops at
different types of flow channels for electrochemical reaction
mechanism case with different flow rates.

drop with the increase of the flow rate was observed for all channel types, as expected. On the other hand,
pressure drop with serpentine type flow channel was found as very sensitive to flow rate as expected.

3.3. Simulation results for enzyme kinetics controlled by conventional chemical processes
In the second simulation case, the model was simulated by using the conventional kinetic parameters instead of
the electrochemical kinetic parameters of k M and V M described in the Table. Therefore, enzymatic reactions
or glucose consumption were not controlled by electron transfer through the circuit. The system was controlled
by electron and proton transfer between the enzyme and the surrounding solution, and the immobilized glucose
oxidase conventional kinetics (i.e. reactions given in Eqs. (5) and (6)) were effective for the reaction rates.
Glucose concentration contours in the anode midplane for different flow rates (1, 10, 20, and 40 mL/min)
were simulated for the serpentine flow channel first (Figures 7a–7d). It can be observed in Figure 7a that when
the substrate solution flow rate was 1 mL/min, the glucose concentration could be very low in the lower parts
of the support zones, especially between the flow channels. When the substrate solution flow rate was increased
to 10 mL/min, the glucose concentration contour improved significantly in the electrode midplane, but the
substrate flow rate was still insufficient since the glucose concentration at the midplane of the electrode was
nonuniform and not enough in the majority of the electrode for suitable enzyme performance. Further increase
of the substrate flow rate to 20 mL/min improved the glucose concentration and enabled an almost suitable
enzymatic performance. Only after 40 mL/min did the glucose concentration in the midplane of the electrode
reach a suitable value for the desired enzymatic performance. This flow rate could be considered to be proper
only if the conventional enzymatic mechanism occurred at the electrode.
The same analysis was repeated for the parallel flow channels where glucose concentrations decreased to
very low values in the electrode midplane (Figures 8a–8c). Insufficient glucose concentrations were observed
even with the 40 mL/min substrate flow rate (Figure 8d). In the case of pin type flow channels, it was clearly
perceived that the substrate flow rates in the 1–40 mL/min range were not adequate to provide sufficient
performance from the electrode (Figure 9). The situation was worse than that of the parallel flow channels.
Midplane average glucose concentrations for each flow rate for each channel type were also compared and the
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Figure 7. Simulation results for glucose concentration in the midplane of the electrode with serpentine type flow
channels for chemical reaction mechanism case (substrate feed rate: 1–40 mL/min).

results are given in Figure 10. It was observed that the 40 mL/min flow rate was almost suitable for the desired
performance when the k M of the immobilized enzyme was considered with the serpentine type flow channels.
On the other hand, for parallel or pin type channels the considered flow rates (1–40 mL/min) were not suitable
because of insufficient glucose transport rate from the solution to the electrode. Pressure losses in the channels
were also evaluated, as given in Figure 11 for each channel type and flow rate. Increase in the pressure losses
1497
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with the increase of the flow rate was also observed for all channel types, but it was more severe with the
serpentine flow channel type.

Figure 8. Simulation results for glucose concentration in the midplane of the electrode with parallel flow channels for
chemical reaction mechanism case (substrate feed rate: 1–40 mL/min).

It was apparent that glucose concentrations in the electrode midplane with the conventional enzymatic
reactions route (i.e. Eqs. (5) and (6)) dropped lower than those of the electrochemical reaction route (i.e. Eqs.
(1)–(4)) when Figure 5 and Figure 10 were compared for identical flow rates. This result indicated that the
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Figure 9. Simulation results for glucose concentration in the midplane of the electrode with pin type flow channels for
chemical reaction mechanism case (substrate feed rate: 1–40 mL/min).

electrochemical route’s glucose consumption rate was less than that of the chemical route. Dissolved oxygen is
generally expected in the substrate solutions and both reaction mechanisms should be possible in the biofuel
cell application. Nevertheless, the desired first route should be dominant to obtain high current densities from
the cell. Higher polarization between the electrodes and more effective electron transfer to the electrode than
electron transfer to the solution will enhance the domination of electrochemical route. Consequently, simulation
results show that there is still some opportunity for further current density enhancement from the electrode by
1499
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Figure 10. Simulation results for average glucose concentration in the midplane of the electrode for chemical
reaction mechanism case.

Figure 11. CFD simulation results for pressure drops
at different types of flow channels for chemical reaction
mechanism case with different flow rates.

improved electron transfer mechanism with immobilized enzyme electrode design.
4. Conclusion
Contours of glucose concentration in the electrode midplanes of the electrode according to the conventional
enzyme mechanism were found to be quite different from those obtained on the basis of the electrochemical
enzyme mechanism. These results show that there is still some room for further improvement to obtain higher
current density from the cell by better electron transfer mechanism with better enzyme electrode design. It
was observed that the use of serpentine type flow channels was more advantageous for this enzymatic biofuel
cell system because of better glucose transport rate to the electrode surface from the substrate solution. A
disadvantage of using serpentine channels and high flow rates was observed as the pressure drop (i.e. pumping
power increase). Therefore, the results indicated that substrate flow rate should be optimized to obtain a
sufficient performance from the electrodes in enzymatic biofuel cells.
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